RIA and "high-performance" liquid-chromatographic (HPLC) procedures are competing analytically to establish the concentration range of CsA that indicates adequate immunosuppression without hepatotoxicity, nephrotoxicity (7), or neurotoxicity (8) . The RIA method (Sandoz Pharmaceuticals, Basal, Switzerland) (9) lacks specificity because of the different cross reactivity exhibited by each CsA metabolite; RIA results are therefore more subject to interindividual variability.
Recently, the structures of some CsA metabolites have been elucidated after their extraction from urine (10). But the identification, quantification, immunosuppressant activity, and potential toxicity of these or other metabolites were not reported for blood samples. 
Materials and Methods

Apparatus.
We used a modular isocratic HPLC system conformed to recycle the mobile phase ( Figure 1 Individual stock solutions (100 mg/L in methanol) of each standard are stored at room temperature.
Working
CsA standards of 300, 600, and 1600 gfL are made by diluting the stock with methanol.
They are stable at room temperature for at least four months. For a routine analysis, pipet 0.5 mL of each working standard into separate 16 x 100mm round-bottom test tubes, evaporate the methanol under reduced pressure, and add 1.0 mL of heparinized drug-free whole blood, serum, or plasma. Vortex-mix the contents and let the tube sit for 10 mm before analysis.
Final concentrations are 150, 300, and 800 tg/L, respectively. Standards must be prepared in a matrix identical to the unknown samples to maintain accuracy.
The resolution mixture, used to verifr chromatographic integrity, contains 2.0, 1.5, and 2.5 mg of CsA, CsC, and CsD, respectively, per liter of mobile phase. This mixture is stable for at least two months at room temperature.
Mobile phase. A 4000-mL batch of mobile phase, water! acetonitrile, 51/49 (by vol), is filtered and degassed with the Millipore filter system (Type FS, 3.0 sm). Discard the batch after one month of daily recycling when the resolution mixture shows poor separation or when a high background absorbance develops. Before the first use of a new Zorbax cyanopropyl column, pump 500 mL of acetonitrile/water (95/5 by vol) through the column to remove the hexane/isopropanol solvent used during factory testing.
Procedure
Extraction. Add 1.0 mL of heparinized whole blood, serum, or plasma and 2.0 mL of the diluent solution containing the internal standard to a 16 x 100 mm disposable test tube, mix, and leave at room temperature for 5 mm. An automatic pipet with polypropylene tip is useful for precise transfer of whole-blood samples. Centrifuge (2500 rpm) the tube for 5 mm. Precipitation of protein can occur if the diluted sample is kept needlessly long in a warm centrifuge or if an hemolysate is not extracted within 30 mm after centrifugation. Attach the Bond Elut cyanopropyl extraction column to the Vac Elut apparatus and set the vacuum gauge at 10 to 12 in. of mercury (flow rate about 1.7 mL/min). Prime the column with one reservoir volume (about 1.0 mL) of acetonitrile; repeat this step and follow with two reservoir volumes of solution A. Do not let the column go dry between applications.
Apply the diluted sample in two 1-mL portions just as the meniscus of solution A approaches the top of the packing, an automatic pipet is convenient for this transfer. After the last of the sample passes the top of packing, add two 1-mL portions of solution B. To ensure a clean extract, minimize any mixing of residual sample with this wash. After the last of the wash passes the top of packing, add 0.25 mL of solution C. Maintain the reduced pressure for 30s to remove residual liquid from the column.
Elut ion. Suspend the column in a 16 x 100 mm disposable centrifuge test tube, add 0.4 mL of acetonitrile, leave for 2 mm, then force the liquid through with a rubber bulb. Evaporate the eluate under a stream of air at room temperature. The Bond Elut column can be reused for two more extractions. The analytical recovery does not change, but resistance to flow increases with each successive use. The CsA is stable in the dry extracts for at least three weeks when sealed and stored at -20 #{176}C.
CsA was found to be stable for at least one week in patients' heparinized blood specimens stored at 4#{176}C when whole blood was analyzed by the HPLC procedure. Samples of whole blood should not be frozen, because substances form upon thawing that can plug the extraction column.
Chromatography.
Reconstitute the dry extract with 150 pL of mobile phase. Vortex-mix for 15 s, centrifuge at 2500 rpm for 2 mm, and fill the 50-p.L sample loop. Inject the sample at a mobile phase flow of 1.5 mL/min, with detector range set at 0.02 A full-scale at 214 nm and recorder chart speed at 1 cm/mm.
Results
Inject the resolution mixture daily before sample analysis, to verify the integrity of the system (Figure 2A) . Figures 2B  and 2C show chromatograms of CsA-supplemented and drug-free whole-blood extracts, respectively, and that for a patient's sample is shown in Figure 2D . Identification and quantification are based upon relative retention time and relative peak-height techniques, respectively. Analytical day-to-day precision, analytical recovery, and linearity are listed in whole blood, serum, and plasma and were extracted; we compared results with those for unextracted standards in mobile phase. We plotted relative peak height ratio vs concentration for CsA, and used least squares linear regression analysis to assess linearity. Performance data for both serum and plasma samples are similar to the data for whole blood, but the recovery is better (98% vs 90%).
Interferences.
Drug-free whole blood, serum, and plasma samples showed no peaks that would interfere with the CsA or the internal standard. Various drugs were checked for potential interference at concentrations of 1000 mg/L or greater. The following compounds emerged from the column before CsA and did not interfere:
acetaminophen, salicylic acid, prednisone, 
Technical Considerations
Analytical success with this procedure depends on close attention to important technical details if one is to achieve better long-term column stability and efficiency than reported previously. The recycling of the mobile phase and the use of a silica saturating column and a lower column temperature all protect the column packing from rapid degradation. HPLC procedures that require temperatures above 60#{176}C to decrease the characteristic band broadening of CsA and CsD observed on reversed-phase packings shorten the useful life of an expensive column. The solubility of silica in the mobile phase increases as the temperature of the analytical column increases. To compensate for this temperature-dependent dissolution process, the mobile-phase silica saturating column should be maintained when possible at the same temperature as the analytical column. This will be additional insurance for longer column life.
The oven used to heat the columns must maintain a constant temperature and minimize temperature gradients for the entire length of guard and analytical columns. Otherwise, the CsA peak will be asymmetrical and exhibit undesirable band broadening. Wrapping the entire length of columns and the oven's transfer tubing with aluminum foil effectively ensures that the heating-block type oven can transfer heat more evenly.
The efficiency of the analytical column decreases slightly after extended use. To compensate for this, the column temperature can be decreased by 2-3 #{176}C and the flow rate can be decreased 0.2 to 0.3 mL/min to improve resolution. The composition of the mobile phase should not be varied because of the potential for interference due to the nonproportional shifting of CsA, CsD, and endogenous peaks.
The HPLC prefilter prevents irreversible plugging of the guard and analytical columns. On occasion, an extract from a serum (or plasma) or an old sample of whole blood will contain substances that plug the filter. Periodic backflushing of the filter (usually once every two or three days) ensures a low back pressure and acceptable chromatography.
Initially, we observed very low analytical recovery of CsA and CsD from aqueous solutions, blood, serum, and plasma during extraction.
When the sample was diluted with a solution containing acetonitrile and then applied to the Bond Elut column, the absolute recovery improved markedly (as illustrated in Figure 3 ) and the amount of potentially interfering materials decreased. Similarly, the wash solutions effectively remove interferences and quantitatively retain the drug only when some acetonitrile is contained in the solution that is maintained at an acidic pH. The manufacturer of the column allows a ± 10% variabili- 
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Comparison of RIA and HPLC
CsA results obtained via the HPLC procedure and the Sandoz RIA for specimens of whole blood and serum were compared, to ascertain discrepancies or trends apart from those described by other investigators To minimize redistribution of the CsA from the serum onto cells during the study, we centrifuged the blood sample for 5 mm at room temperature immediately after collection at the patient's bedside. The fibrin clot that formed in the serum was broken by adding three glass beads to the tube and centrifuging again for 3 mm. All samples were analyzed by both RIA and HPLC. The results demonstrated that in this individual the RIA value for serum was approximately 40% of the RIA value for whole blood and the HPLC result for serum was approximately 65% of the HPLC value for whole blood. For whole blood, the RIA results exceeded the HPLC value by an average of 260%; for serum, the RIA result exceeded the HPLC value by about 200%. I  I  I  I  I  I  I  I  I  I  I  I  I  I  I   0  300  600  900  1200  1500 HPLC Cyclosporine (ug/L) Serum
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I. These data reflect the nonspecificity of the RIA that is the result of cross reaction of compounds other than CsA with the RIA antibody, presumably CsA metabolites. The different degree of cross reactivity for each of the known metabolites and the intra-and inter-individual pattern changes seen with the disposition of CsA and metabolites generate a wide range of variables in the RIA procedure. The significant utility of present RIA and HPLC methods will be clearer once the identification, quantification, and assessment of immunosuppressive activity and toxicity for each CsA metabolite in blood are established.
Detection of Cell-Bound Metabolite
We observed a significant nonendogenous peak at 5.4 mm on chromatograms of extracts of whole blood from patients receiving CsA while chromatograms from the corresponding serum or plasma showed a negligible peak at this elution time. This phenomenon seems not to have been described hitherto. Initially the within-run precision of the response for the unknown compound was assessed by analyzing replicate samples of one patient's whole blood, yielding a CV = 4.1% (n = 10).
Using immediate centrifugation as our sample-handling technique, we collected whole blood, serum, and plasma samples in tandem from numerous patients receiving the drug, at a time when the drug concentration would be lowest. This technique minimized potential in vitro redistribution of the unknown compound onto cells. The specimens were extracted and chromatographed, and individual fractions, collected at 30-s intervals from the HPLC column ( Figure 6 ), were submitted to RIA (Sandoz) to detect compounds that would cross react with the commercial antibody. Figure 6 illustrates the RIA results for fractions collected sequentially from the whole-blood extract of one patient. The unknown compound(s) in fractions 8 and 9 cross reacted with the Sandoz CsA antibody for this patient and the other patients. Little or no chromatographic response or cross reactivity was demonstrated in the patients' serum or plasma specimens for those fractions. The chromatographic response for the unknown in serum and plasma averaged 0.07 (7%) of the response in whole blood. These data suggest that the unknown is a CsA metabolite(s), bound primarily to blood cells. We observed that the quantity of the metabolite(s) increased with time relative to the amount of CsA. Figure 7 represents the relative amount of the metabolite(s) in the same samples from the patient illustrated in Figure 5 . After 12 h the metabolite(s) remained primarily in the cellular portion of blood.
Discussion
The procedure described here circumvents many of the recognized problems associated with HPLC procedures for
CsA. The extraction is performed rapidly on a solid-phase cyanopropyl column and affords excellent analytical recovery of CsA and the internal standard, CsD. The usual problems of instability and low sensitivity associated with the chromatography of CsA on reversed-phase columns are minimized by use of the less-retentive Zorbax cyanopropyl column, by recycling the mobile phase, and by operating at a relatively low temperature (58 #{176}C Within any given individual, the rate of metabolism and the spectrum of resulting metabolites change with the duration of therapy. Induction of hepatic enzyme pathways and enterohepatic recirculation have been considered to be the major causes of this time-based difference. Interindividual variation in the rate of metabolism and in the relative proportions of each metabolite produced compounds the difficulty in obtaining and interpreting data on-concentrations in blood. Thus, a pharmacokinetic profile will appear different between individuals at any point in therapy and Note: the absolute amount of the metabolite in serum averaged 0.07 of the amount inwhole blood will differ within a single individual over time. The subject becomes even more complex with the recognition that different tests (RIA vs HPLC) measure different parameters and the sample source (whole blood, serum, or plasma) present different amounts of CsA and metabolites for analyFinally, we report the separation of a CsA metabolite(s) which is reproducibly extracted and chromatographed. Moreover, the metabolite(s) is highly partitioned onto cellular components of blood and is present in neglible amounts in serum and plasma. It accounts for a significant portion of the immunoreactive compounds other than CsA detected by the commercial RIA antibody for whole-blood specimens. Its identity and pharmacological role remain to be determined.
This assay has provided our laboratory with a relatively easy, reliable method for determining CsA concentration in patients' samples without the need for bulk processing. The issue of whether serum, plasma, or whole blood samples and HPLC or RIA procedures are used awaits further study of the pharmacology of the CsA metabolites, their distribution in blood, and the appropriate sample handling technique. It is difficult at this time to argue in favor of one analytical procedure over the other without this information. At present it appears to be a matter of choice as to which analysis is used, predicated upon the biases of the user and the availability of technical expertise and instrumentation.
